ABSTRACT
INTRODUCTION
Shipping studies conducted since the early 1980s around the world have shown that living organisms are present in ballast water and related sediments [1] [2] [3] [4] [5] [6] [7] [8] as well as in ship's hull fouling [9] [10] [11] . Most ballast water sampling programs also showed the occurrence of non-indigenous, harmful and/or pathogenic organisms, including human pathogens [2, 3, [12] [13] [14] [15] [16] [17] [18] . Estimations result in approximately 2.2 [19] to 12 billion tonnes of ballast water being transported across the world oceans annually [20] , transferring some 7,000 species in ballast water daily [21] . In a summary of 15 European sampling studies more than 1,000 living species were found in ballast tanks of vessels arriving in European ports [22] .
Where released, the non-indigenous, harmful and/ or pathogenic organisms may survive and establish in the new environment and have the potential to cause serious harm to human health, ecosystems or economy [15, 23, 24] . Just a few non-indigenous species have had significant (almost catastrophic) and seemingly irreversible impacts [25, 26] . Hence, a precautionary approach assumes that every vessel transporting ballast water should be treated as a potential vector for species introductions.
Ballast water sampling is critical to assess the risks posed by unmanaged ballast water releases and also to verify the efficacy of applied management measures. The variability of organism type, size and behaviour; the complexity of physical and chemical characteristics in ballast water and sediments imposes the use of a variety of sampling methods [3, 7, 14, [16] [17] [18] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
All ballast water sampling studies concluded that sampling onboard ships requires a different strategy compared to sampling in the natural environment, especially noting that sampling access is not easily available. Since vessels do not have dedicated ballast water sampling points, ballast water needs to be sampled by available access points. Most of the sampling equipment used in the past ballast water studies was not designed for the purpose of vessel sampling resulting in various limitations. Further, the sampling access points are highly variable between ships [31, 32, 36, 37] .
Every sampling method has its advantages and shortcomings. Little attention has yet been paid with regard to the comparative analysis of the effectiveness of various detection strategies for ballast water organisms. Sampling methods of ballast water are far from being adequately tested and it remains therefore unclear how representative the sampling results are. Especially in compliance monitoring with the standards set forth in the International Convention on the Management of Ships' Ballast Water and Sediments (BWM Convention) representativeness is a key feature as non-compliance may have legal implications.
MATERIAL AND METHODS
The research projects considered here consisted of practical studies in which ballast water was sampled from ships' ballast tanks. During these studies more than 1,200 ballast water samples were taken on more than 550 vessels of various types ranging from small cargo vessels with deadweight (DWT) of <1,000 tons to Very Large Crude Carriers (VLCCs) of >300,000 tons [22, 38] .
The sampling methods developed during the previously undertaken ballast water studies were consulted with an emphasis on how the ballast water was accessed. During these studies the ballast water samples were taken using a variety of nets, hoses and pumps operated via tank openings (manholes), pumps operated via sounding pipes, air vents or the seawaterconnected fire-fighting system and by extracting water at the ships´ ballast pump (in-line sampling).
For this contribution it was of prime importance to consider the appropriate sampling approach for compliance control according to the BWM Convention, rather than the method details, thereby ignoring the sampling tool specifics, such as mesh size, net diameter, pump capacity etc. which was already published elsewhere [32, 36, 37, 40] .
Different aspects of ballast water sampling in the framework of the BWM Convention were put in focus, since this is a globally concerted tool for the required compliance monitoring to assess whether or not ships are in line with the acceptable organisms concentrations during the ballast water discharge. Consequently, the ballast water working group of the International Maritime Organization (IMO) developed a sampling guideline, i.e. Guidelines for Ballast Water Sampling (G2) [41] , which was also considered in this contribution. Additional insights were gained from the authors' involvement in different national and international research studies [7, 31, 36, 37] 
RESULTS

Sampling methods according to the access point
The sampling points may be divided into in-tank and at-discharge sampling points. In-tank sampling points enable ballast water access directly from a tank either via ballast tank manholes, sounding or air pipes. At-discharge sampling points include the ship's pipe-work at or after the ships ballast water pumps, at the fire-fighting system or at discharge openings.
Compliance control sampling
After entry into force of the BWM Convention IMO Member States will be required to check vessels for compliance with the standards of the BWM Convention, and this will be done also by sampling ballast water on vessels. In accordance with Article 9.1, ships to which the Convention applies may be subject to inspections for the purpose of revealing violations of the provisions of the Convention. In Regulation D-2, the ballast water Performance Standard is outlined: 1 -Ships conducting Ballast Water Management in accordance with this regulation shall discharge less than 10 viable organisms per m³ greater than or equal to 50 µm in minimum dimension and less than 10 viable organisms per ml less than 50 µm in minimum dimension and greater than or equal to 10 µm in minimum dimension; and discharge of the indicator microbes shall not exceed the specified concentrations described in paragraph 2. 2 -Indicator microbes, as human health standard, shall include: .1 Toxicogenic Vibrio cholerae (O1 and O139) with less than 1 colony forming unit (cfu) per 100 ml or less than 1 cfu per 1 g (wet weight) zooplankton samples; .2 Escherichia coli less than 250 cfu per 100 ml; .3 Intestinal Enterococci less than 100 cfu per 100 ml.
Unlike sampling for approval of ballast water treatment systems, which need to meet the abovementioned D-2 standard, sampling for compliance control is required to identify any possible non-compliance with D-2. At present the D-2 standard can be interpreted either as an instantaneous standard (i.e. the standard applies to any water volume discharged) or as an average standard (i.e. the standard applies to the total discharge amount). This is of key importance as results of sample analysis will have operational and legal implications in cases of non-compliance.
If the sampling must demonstrate compliance with the D-2 standard, then documenting the number of organisms above 50 µm in minimum dimension is especially challenging since less than 10 viable organisms per m³ of water are acceptable. Various difficulties can be identified such as more than 1,000 l of water may need to be collected to prove compliance, and several replicates need to be sampled to meet general scientific standards and accuracy. To meet these requirements new sampling techniques are currently developing. These technologies are specially designed for the purpose of ballast water sampling and may be easier for use onboard vessels compared to standard plankton sampling technologies.
The accuracy of the sampling technique must be determined; inefficient sampling techniques may result in false negatives as a result of missing organisms. The most representative samples may be taken when the ballast water is sampled over the entire discharge time of a ballast tank due to the heterogeneous nature of the species distributions in the tank [42] . Unfortunately, this can be unfeasible due to logistical/practical constraints. On large bulkers a complete discharge of the ballast water may take several days and will also not be continuous, but interrupted according to the cargo operations demand. An onboard sampling study has shown that organism survival is negatively impacted during longer sampling times and also when larger water volumes are concentrated (crowding effect) [43] .
Recommendations for compliance control samplings with the Ballast Water Exchange Standard (D-1)
To prove that the ballast water was exchanged, the compliance control methods by sampling are minimal. The salinity values verify if the water has been exchanged according to the BWM Convention requirements (i.e. in cases where the salinity is low, e.g. below 30 psu) it can be assumed that the ballast water originates from coastal areas with freshwater influence, i.e. it was not exchanged as ocean water (i.e. outside 50 or 200nm from nearest shore and at water depths of more than 200m) would have higher salinity. For this purpose, small quantities of ballast water may directly be sampled from the tank via sounding pipes or manholes prior to its discharge. However, this is a feasible option only when the inspected vessel has loaded ballast in a low salinity or freshwater port.
Biological sampling for D-1 control is also of a limited value as very few organisms are restricted in their distribution to coastal waters. Candidate organism groups include harpacticoid copepods and barnacles. Barnacles, however, are frequently found on vessels and in the unlikely event that two vessels follow each other at close distance the barnacles on the preceding vessel may release their larvae into the water and they may be pumped in during the ballast water exchange operation of the second vessel sailing right behind the first. As a result, the exchanged ballast water, even when carried out in mid-ocean, may contain coastal organisms from the hull fouling of the preceding vessel. Although this scenario is of low probability it cannot be excluded completely. Harpacticoid copepods are benthic species and their presence in ballast water clearly indicates coastal origin of the water. However, these species can also be found in the sediment of ballast water tanks. A study demonstrated that the numbers of the harpacticoid copepods inside a ballast tank increase during the voyage indicating reproduction may occur [4] . As result, biological sampling for compliance control with D-1 can only deliver data with a limited level of certainty and in case of non-compliance it is indicated that these data are not considered to be "court-proof". Consequently, biotic samplings for D-1 compliance can be put in question in case non-compliance is assumed (Tables 1 and 2 ).
Recommendations for compliance control samplings with the Ballast Water Performance Standard (D-2)
Compliance control with the D-2.1 standard is solely quantitative, thereby ignoring the type of organisms with the exception of selected indicator microbes (D-2.2). It is the numbers of living organisms per size class to document (non-)compliance. As the BWM Convention in Regulation D-2 reads "…Ships conducting Ballast Water Management in accordance with this regulation shall discharge less than 10 viable organisms per m³ …" the D-2 standard is understood as discharge standard, which indicates that the most suitable sampling point to prove D-2 compliance is the discharge line of the vessels ballast water system as also recommended in the Guidelines G2, i.e. samples should be taken from the discharge line, as near to the point of discharge as practicable, during ballast water discharge whenever possible.
However, in-tank sampling should not at all be ruled out -the opposite is true. Some vessels (e.g. bulk carriers, tankers) may have upper side wing tanks that are emptied through direct overboard discharge valves rather than through the ballast pumps (Figure 1) . In such cases, the Guidelines G2 indicates that in-tank sampling may be an appropriate approach. Further, almost all vessels lack sampling points in their ballast water line. Not to limit compliance control with the D-2 standard only to those vessels with such sampling points we propose to sample the ballast water also intank (Tables 1 and 2 ). This might be especially critical if a Port State is implementing a risk-based BWM approach according to the BWM Convention. The ballast water may need to be sampled prior to the discharge if there is a suspicion that the ballast water was loaded in an area affected with e.g. unwanted target species, harmful algae or cholera outbreaks and hence represents the highest risk.
DISCUSSION
Ballast water sampling may be conducted for different aims: to assess the biology and chemistry of ballast water (scientific research); to identify potentially harmful or other organisms carried in ballast water (risk assessment); and, to assess compliance with ballast water management requirements (monitoring and enforcement) which is in focus of this contribution. The ballast water sampling, however, is complex due to dif- ferences in organisms' dimensions and behaviour, as well as to differences in ship construction including availability of sampling points. These issues as well as the aims of a ballast water sampling study impact the sampling method selection. During a Slovenian research study, the use of different ballast water sampling methods was evaluated in the context of risk assessment and ballast water management. The sampling point availability has proven to be a critical issue. The employment of sampling equipment, modified for onboard use, and a flexible approach is needed to allow sampling via different access points. New methods were developed to ease ballast water sampling onboard ships including especially designed equipment for in-tank sampling through sounding pipes, and sampling at the fire-fighting system. Sounding pipe sampling was achieved by the use of an air-driven well pump, a water-column sampler, and a bottom and sediment sampler. Onboard tests have shown that this sampling equipment may be used to sample most target organisms despite some size limitations which may occur according to the opening dimension of the sampling tool. The tests also confirmed that all three water samplers can be safely used on almost all ships, while not disturbing standard ship operations conducted in the port. In addition to their deployment via sounding pipes these specially designed samplers may also be employed via manholes or tank hatches [7, 37] .
Sampling using the fire-fighting system is enabled due to the connection between the ballast and firefighting systems on many ships. This sampling approach requires nets to collect samples where the water exits from the fire-fighting system taps, and requires ships crew assistance to connect the ballast water and fire-fighting systems by operating valves. Possible negative effects of high water pressure on organisms and the fire-fighting piping system should be taken into consideration. Nevertheless, samplings via the fire-fighting systems may offer an additional possibility, especially when no other sampling method can be used.
Provided the sampling point design and technique chosen delivers representative samples, the in-tank sampling represents an assessment of the potential species inoculation, whereas at-discharge sampling represents the realised inoculation. As a result, in-tank sampling may be more appropriate for scientific research and risk assessment with the aim of assessing the ballast biota, while at-discharge sampling is more appropriate for the monitoring of compliance with the ballast water management requirements. However, certain tanks are not discharged through pipe-work onboard, but may use gravity to empty them. In those cases in-tank sampling is the only way to prove compliance with the ballast water management standards. Further, in-tank sampling may also be used for risk assessment, e.g. to prove the presence or absence of target organisms before the ballast water is being discharged.
Selection of ballast water sampling equipment
It was concluded that sampling for zooplankton via the sounding pipes does not result in a representa- tive sample of species in the tank as comparisons of sounding pipe and manholes samples from the same tank found that net samples were more diverse [32] . The sounding pipe samples contained 0-60% of the organisms of a net sample indicating the need to sample ballast tanks via opened manholes. Further, pumps used via open manholes delivered more diverse samples than net samples, therefore pumps may be considered when sampling via manholes [32] . Future ballast water studies should take into account that sampling via sounding pipes is inferior when selecting appropriate sampling techniques. However, frequently manholes cannot be opened due to, e.g. overlaying cargo or cargo operations in the area where the manhole is located, and in these instances the sounding pipe sampling might be the only solution to sample the ballast water at all [31, 37] . For the most appropriate choice of the ballast water sampling method and equipment it should also be decided between a qualitative or quantitative analyses, or both. As the IMO ballast water performance standard (Regulation D-2) refers to organism numbers per size class for the organisms above 10 microns in minimum dimension, thereby ignoring the taxonomic diversity, we propose that for compliance monitoring with the non-bacteriae BWM Convention standards only quantitative sampling methods should be used.
The sampling programs usually include sampling of a number of various types of ships in a port. After having selected a ship according to the sampling program (e.g. ships originating from certain source regions that presumably will discharge ballast water in the port), ballast tanks are to be selected for sampling. Sampling access plays a crucial role and actually determines if the ballast water is available for sampling. Therefore, the sampling equipment, which allows access to various sampling points, is in most cases crucial to obtain a sample. In case different methods are used intercalibration between methods may be needed to allow for the comparison of results.
One key problem remains with at-discharge sampling options and this is that compliance or non-compliance can in this scenario only be proven while the ballast water is being pumped overboard. Consequently, the potentially non-compliant ballast water may already have been released before it is clear whether or not it is in compliance with the BWM Convention standards. Should e.g. a risk assessment result in the identification of high-risk ballast water the in-line sampling during discharge should be avoided, but in-tank sampling should be undertaken to assess compliance. Given this, the sharing of compliance information between Parties, specifically the next port of call, to aid an early identification of potentially non-compliant vessels is imperative. Also, in cases where non-compliant vessels revisit the port, additional ballast water management measures may be imposed.
CONCLUSIONS
Ballast water sampling until now was dealt with at different national, regional and global levels for different purposes. However, many issues were identified which impact representative ballast water sampling, but there is still no commonly agreed methodology or approach.
In routine ballast tank studies the logistical and technical considerations such as access to the water via sounding pipes and manholes, tank depth, manhole diameter and design of internal support frame structures within the ballast tanks will also determine which sampling technique may be used.
As there is no uniform ballast water sampling methodology currently established worldwide, the biological results from compliance monitoring of vessels cannot easily be compared without intercalibration experiments. This also has an influence on the compliance control samplings, i.e. without a harmonized sampling approach a certain vessel may be in compliance in one port, but not in another -being an unacceptable situation.
Further, as no single sampling equipment will suit for all purposes and ballast water access points many different methods and sampling equipment have been used by different research programmes. Sample representativeness is of key importance and currently we lack answers to some of the most important questions: -the most suitable sample access point to deliver representative samples, -the frequency of the sampling events, and -the minimum water volume to be sampled, etc.
If the sampling is to document non-compliance (i.e. violation of the ballast water discharge standard), much less onerous sampling requirements are posed to the port state as a demonstration that an explicit value is exceeded. For example, if a sample of 100 l contained 20 living organisms greater than 50 µm in minimum dimension, then it can be assumed that more than 10 organisms were present in that metric tonne, and therefore the vessel was in violation under an instantaneous standard (see Regulation D-2 above).
Full recovery of organisms contained in ballast tanks may remain impossible, indicating that results of ballast water sampling studies may well underestimate the actual number of organisms and species being present in the ballast tank. Combinations of the more efficient sampling equipment are likely to reveal a greater range of taxa than any single method. Larger organisms may also be sampled by the use of different collecting methods, such as light traps or baited traps [36] . However, this approach is time-consuming and requires installation of traps prior to sampling which is impossible for compliance control sampling.
For compliance control we suggest that samples should either be taken during discharge, i.e. from the ballast water discharge line after the pump or directly from the tank. The shortcomings of the discharge line samplings include that a sampling point needs to be installed in the ballast water discharge line somewhere in the engine room. Consequently, large volumes of water may need to be filtered and possibly be dumped in the bilge water system, if water discharge after sampling is not adequately provided otherwise. On certain vessels this may be critical, but we assume that, with today's technologies, this approach delivers the most accurate results of organisms being discharged in ballast water from a vessel as a sidestream of all ballast water being discharged is sampled. By doing so the heterogeneously distributed organisms in the ballast water will most likely be sampled which may not be the case in any other point source sampling method. However, and as stated above, in-tank compliance control sampling may be more appropriate as the in-line approach can only be undertaken during the discharge of the ballast water and should high-risk organisms be suspected in the water they will enter the port during the in-line sampling process which should be avoided. Therefore, in-tank sampling is more appropriate in these cases.
As non-compliance with the ballast water discharge standards of the BWM Convention may have legal implications, we recommend that improved sampling methods should be developed and tested for their representativeness, including onboard performance tests.
ACKNOWLEDGEMENTS
Ballast water sampling experience referred to in this manuscript was generated during the following research projects (a) the "German Ballast 
